Abstract-In this paper, periodic structures are investigated in antenna design for wireless applications. These antennas were compared with CRLH miniaturization method. Three different models of patch antenna with coaxial feed on EBG ground, metamaterial substrate or EBG/AMC structure have been presented here. Also two compact dual-band antennas have been designed and fabricated based on CRLH techniques for wireless and GSM applications. The first antenna has directional pattern and operates at 1760, 2550 and 3850 MHz (three-band antenna) with gain 2.1, −3.9 and 2.5 dBi, and it is dual polarized. The size of prototype patch antenna is 20 × 20 mm 2 which is reduced about 47% in comparison to conventional patch antenna at 2.5 GHz. The second antenna is designed by the use of interdigital capacitor and spiral inductor. Dimensions of antenna are 15.5×12 mm 2 , so the size is reduced about 69% in comparison to conventional microstrip patch antennas at 1.8 GHz. The second tri-band antenna operates at 1060 MHz, 1800 MHz and 2500 MHz in which two frequencies (1.8 and 2.5 GHz) are suitable for GMS and WLAN applications. Both structures have been designed and fabricated on FR4 low cost substrate with ε r = 4.4 and thickness of 1.6 mm. All simulations are done with CST and HFSS. Equivalent circuit and experimental results are also presented and compared.
INTRODUCTION
In recent decades, different types of wireless systems are widely used because of simplicity, low cost, highspeed data transfer and easy operation. Recently, with development of wireless devices such as mobile phones, portable computers and smart phones, new protocols are needed. IEEE 802.11a, IEEE 802.11bg and HyperLAN/2 standards cover WLAN frequencies. The IEEE 802.11 standard has three frequency bands at 2.4 GHz (2.484-2.4), 5.2 GHz (5.35-5.15) and 5.8 GHz (5.825-5.725), and the frequency range 3.3-3.8 GHz has been allocated to wireless personal area network (WPAN) and WiMAX [1] [2] [3] .
Nowadays modern communication systems require microwave components with high performance and small size, so compact antennas are required. Microstrip antennas are used in aviation, space exploration, satellite, missile and various government and commercial applications, because of suitable size, weight, price, performance and ease of installation [4] [5] [6] [7] .
There is a need to design small size, easily fed and low cost antenna for multi-band applications. Slot antenna is a known antenna for wireless applications, with all attributes that WLAN communication systems need. Methods such as notch technique, metamaterial, slot and fractal methods are used in order to design multi-band antennas [8] [9] [10] .
Composite right/left handed transmission line (CRLH-TL) technique is based on the use of artificial electromagnetic materials (metamaterial). These materials are periodic structures that are not found in nature and have been considered because of special characteristics and great variety of applications. In metamaterials, the real part of ε, µ or both of them are negative [11] [12] [13] [14] . Metamaterials are widely used in antenna and microwave circuits, in order to increase the miniaturization factor of the antenna, such as metamaterial structure in substrate [12] , metamaterial load for miniaturization [13] .
Electromagnetic band-gap structures (EBG) can be used for miniaturization and designing high gain patch antenna. Frequency selective structures (FSS) are defined as a periodic array of holes on a patch indicated on a substrate [15, 16] . These artificial magnetic materials have been used in substrate to increase effective permeability, thus the size of antenna will be reduced [17] .
HOMOGENEOUS CRLH-TL THEORY
Metamaterial transmission line (MTL) is a type of TL structure which contains unit cells with series capacitor and shunt inductor. These elements are added to conventional transmission line model [18] . These new elements provide left handed (LH) propagation and support backward waves. Gap and interdigital capacitors are used as series capacitor but actually interdigital capacitors have higher capacitance. Vias are used as shunt inductors, but this inductance can be increased by combination with other types of inductors such as spiral or meander structures [19, 20] . We can also use spiral or meander structures as shunt inductor by adding virtual ground to them [20] . Zeroth-order resonators (ZOR) have become important structures for designing small antennas. They have much smaller size than traditional microstrip rectangular patch antennas. CRLH is a structure with both of the RH and LH characteristics [21, 22] .
Equivalent circuit for a CRLH transmission line is shown in Figure 1 . To achieve a structure with completely left-handed features is nearly impossible. According to the transmission line theory, propagation constant in lossless structure is γ = jβ = √ Z Y where Z and Y are per unit length impendence and admittance [23] .
MTL effective permeability and permittivity can be achieved by calculating Z and Y as presented in (1) [23] :
where
are left-handed, right-handed, series and shunt resonance frequencies. There is a frequency that separates the left-handed region from the right-handed one. We call it the transmission frequency, and it is calculate by the following equation [23] :
The input impedance of open ended boundary condition is obtained by (3) [23] :
Propagation constant of CRLH-TL is determined by applying the periodic boundary conditions related to Bloch and Floquet theory. The CRLH TL unit cell's dispersion is obtained by: ) show five different models of CRLH structure to miniaturize antenna for wireless applications. Interdigital structure and strip line are used for LH capacitance and inductance. 
SIMULATION RESULT
The antennas are simulated in HFSS. The return loss of antennas are shown in Figure 3 . Figure 3 (a) shows prototype antenna return loss with fractal EBG ground. This patch antenna with conventional ground plane has 80 MHz bandwidth. As shown here, the resonance frequency of antenna has been reduced around 200 MHz by the use of fractal EBG, so size reduction is achieved. Also in Figure 3 (b) the return loss of the EBG SRR ground is presented. In this condition, the resonance has been changed less than 70 MHz. The return loss for patch antenna with dumbbell SRR rings is shown in Figure 3(c) , and the antenna has 60 MHz bandwidth. The return loss for patch antenna with
(g) Figure 3 . The return loss of difference model of patch antenna.
metamaterial substrate is shown in Figure 3 Figure 4 shows the gain of each antenna. Most of the antennas have a directional radiation pattern.
(g) Figure 4 . The pattern and gain for 2.45 GHz. Table 1 , the comparison of gain, bandwidth and size among the presented antennas is shown.
FABRICATION
The last two antenna models are fabricated. Figure 5 shows the prototype of the designed ZOR antenna.
The first fabricated antenna model contains two parallel Interdigital capacitors, so it helps to increase the series capacitance, reduces the zeroth order resonator size and achieves more miniaturization factor. In fact, interdigital capacitor with L-shape fingers is presented which increases the capacitance value. The rectangular patch antenna is fed by inset microstrip line with 7 mm length and 3 mm width which is connected to the 50 Ω SMA connector. Two parallel interdigital capacitors have connected this part to the other rectangular patch. The antenna is fabricated on FR-4 low-cost substrate with a dielectric constant of ε r = 4.4 and thickness of 1.6 mm. The total size of the substrate is 30 × 30 mm 2 , and patch total size is around 20 × 20 mm 2 , so the miniaturization factor is 1.9.
The second antenna is proposed by the use of interdigital capacitor and a spiral inductor which is fed by a coaxial line. The second antenna is designed on a FR-4 low-cost substrate with dielectric constant 4.4 and loss tangent 0.02. The antenna is connected to coaxial 50 Ω feed line. The thickness of the substrate is 1.6 mm. Dimensions of the antenna are 15.5 × 12 mm 2 , so the size is reduced about 69% in comparison to conventional patch antennas which resonates at 1.8 GHz. The antenna geometry is shown in Figure 6 . As shows in Figure 6 , an interdigital capacitor is used here in circular form that is a new initiative. Circular interdigital capacitor is connected to spiral inductor and is fed through rectangular patch.
EXPERIMENTAL RESULT
The measured and simulated return losses of the first antenna are presented in Figure 7 . The first model of the antenna has three bands with around 25 MHz, 32 MHz and 100 MHz bandwidth, respectively, at Figure 8 . Pattern and gain of prototype antenna for azimuth plan, (a) 1.76 GHz, (b) 2.55 GHz, (c) 3.85 GHZ (blue for experimental, red for simulation).
1.76 GHz, 2.55 GHz and 3.85 GHz. The equivalent circuit parameters which are extracted from fullwave simulation data of the unit cell are C R = 0.69 pF, L R = 4.8 nH, C L = 0.32 pF and L L = 2.5 nH. Therefore, f sh = 3.88 GHz and f se = 4.08 GHz so f 0 = 3.9 GHz. Figure 8 shows the measured radiation pattern of the first antenna in azimuth and evaluation plane for all frequencies. Also the maximum gains of the antenna at 1.76, 2.55 and 3.85 GHz are respectively 2.11, −3.9 and 2.5 dBi, as shown in Figure 8 .
The first antenna shows circular polarization at 2.6 GHz. The measured axial ratio result is presented in Figure 9 . For the calculation of axial ratio in chamber room, the antenna's horizontal and vertical fields have been tested at resonance frequencies. The first antenna is dual polarized, at 1.75 GHz and 3.85 GHz, which shows linear polarization, and at 2.55 GHz it has circular polarization.
The simulated efficiency is around 85%, 45% and 48% for 1760 MHz, 2500 MHz and 3850 MHz. Traditional rectangular patch antenna printed on a FR4 substrate with 1.6 mm thickness and dimensions 29 × 38 mm 2 will resonate at 2.4 GHz. Bandwidth of the traditional antenna is 80 MHz, and it has linear polarization. The dimensions of the presented antenna are 20 × 20 mm 2 , and it operates at three frequency bands (1.76 GHz, 2.55 GHz and 3.85 GHz) with respectively 25 MHz, 32 MHz and 100 MHz bandwidth. Also it shows circular polarization at 2.6 GHz because the current flows in a loop. The measured and simulated return losses of the second antenna are presented in Figure 10 . The second antenna is tri-band with 30, 50 and 60 MHz bandwidth at 1060, 1800 and 2500 MHz resonance frequencies. The experimental radiation patterns of the antenna for 1800 and 2500 MHz are shown in Figure 11 . The antenna has low gain, so it is suitable for indoor and medical care applications. The maximum gain of antenna at 2.4 GHz is around −8 dBi. The final prototype antenna is linear polarized with omnidirectional pattern. Tables 2, 3 and 4 show comparison of characteristics, such as gain, bandwidth, size and polarization, between fabricated antennas and other ZOR metamaterial antennas for each frequency. 
CONCLUSION
Periodic structures are investigated in antenna design for wireless applications, and these antennas have been compared with CRLH miniaturization method. Two novel compact and miniaturized antennas for wireless and GSM applications are presented in this article. The first antenna has directional pattern and is tri-band at 1760, 2550 and 3850 MHz with gains 2.1, −3.9 and 2.5 dBi, respectively, and it is dual polarized. The size of the prototype patch antenna is 20 × 20 mm 2 in which the patch dimensions are reduced about 47% in comparison to conventional patch antenna at 2.5 GHz. The second antenna is designed by the use of interdigital capacitor and spiral inductor. Dimensions of the antenna are 15.5 × 12 mm 2 . So the size is reduced about 69% compared with conventional microstrip patch antennas at 1.8 GHz. The second antenna has three bands at 1060 MHz, 1800 MHz and 2500 MHz in which two frequencies (1.8 and 2.5 GHz) are suitable for GMS and WLAN applications. Both structures have been designed and fabricated on a FR4 low-cost substrate with ε r = 4.4 and thickness of 1.6 mm.
